Glycerol is the main byproduct from the production of biodiesel by transesterification of vegetable oils, and approximately 10% of total biodiesel production volume corresponds to glycerol. The profitability of various chemical processes depends, in part, on the sale of byproducts, which enables a reduction in the production costs and consequently, in the product's final price. Thus, it is necessary to look for alternatives to solve the problem of glycerol buildup, in order to avoid future environmental impacts and make biodiesel competitive in the growing market of biofuels. In this context, this study's objective is the development of a low cost and environmental clean technology that allows the conversion of glycerin into a greater value product. In this paper, an economic evaluation of production hydrogen using Aqueous Phase Reforming (APR) was conducted. Firstly, we detailed the technical assumptions in the study. Reactions were performed in batch reformer of 10 liters of capacity, at the temperature of 250˚C and pressure of 38 atm. Finally, a sensitivity analysis was performed. The results from economic evaluation show that APR of glycerol, using nickel catalysts supported on alumina or zirconium oxide, is a promising and competitive technology for hydrogen production.
Introduction
Currently, it is possible to observe a growing number of researchers and experts that relate to the increased emission of greenhouse gases, such as carbon dioxide (CO 2 ) and methane (CH 4 ), with the increase in mean annual temperature biosphere of the planet, a phenomenon known as global warming. This factor, coupled with the reduction of reserves of fossil energy, the rising price of oil and rising of world energy demand, has encouraged the use of renewable energy and development of different technologies to produce them from renewable sources [1] .
In this sense, the application of hydrogen technology is considered by many experts as an alternative option to replace current fossil fuels, due to its very low environmental impacts. However, pure hydrogen is very uncommon in the Earth's atmosphere. It is naturally found in compounds such as water and other organic matter. To produce hydrogen gas, it is necessary to process these compounds [2] .
The method currently most used to produce hydrogen is steam reforming of natural gas, reaching half of the world production of hydrogen. This method is established and used since the 30s, with the entry into operation of the first commercial plants in Germany and the United States. The main factor in this wide production is its low cost compared to the gasification of coal and biomass and the electrolysis of water. A disadvantage of the use of natural gas is the considerable amount of emissions of CO 2 .
Hydrogen production from biomass, waste or byproducts, has been evaluated as one of the most efficient and environmentally interesting productions.
The sale of glycerin kept prices high and stable between 1998 and 2003, being used in various industries. From 2004 there is an imbalance in the world market due to supply of glycerin new biodiesel plants, mainly in Europe. Considering the large-scale production of biodiesel, currently there is an excess of glycerin in the market. The destination of this glycerin, which is still considered a byproduct of the biodiesel production, is a matter for concern in most mills and, up to now, the main solution for discarding it is burning or export sales. This has led biofuel companies to start considering crude glycerin as a waste that cannot be ignored.
In this context, this study's objective is the development of a low cost and environmental clean technology, which allows producing hydrogen from glycerol, using heterogeneous catalysts.
Nickel and platinum catalysts have a wide industrial application. They have high activity and selectivity in hydrogen production using different raw materials and reactions, such as the hydrocarbons reforming [3] , steam reforming of glycerol [4] and ethanol [5] , the decomposition of methane to produce hydrogen [6] and Aqueous Phase Reforming (APR) of glycerol [7] .
Production of hydrogen by APR of oxygenated organics, like glycerol, provides several economic and technologic advantages compared with steam reforming. The main advantages are: (i) Removal of the vaporization stages of water and raw material to be reformed, significantly reducing the energy demand of the process; (ii) Operation at low temperature, avoiding parallel reactions of decomposition of the oxygenate compounds and promoting the removal reaction of CO (shift reaction), making it possible hydrogen production with a low concentration of carbon monoxide in a single stage; (iii) operational pressure, typically between 15 and 50 atm, which allows that hydrogen can be purified by adsorption or by technology using membranes [8] .
These advantages, coupled to the possibility of using renewable raw materials, would be one solution technically and environmentally favorable. Determining whether these proposals are technologically viable is still a topic to be analyzed.
Robinson et al. [9] studied APR of glycerol using as catalysts 20% of nickel oxide and platinum supported in alumina and zirconium oxide. The catalysts were synthesized by different methods: wet impregnation, co-precipitation and combustion. The catalytic tests showed that platinum and nickel catalysts have potential in the reforming reaction of biomass residues, such as glycerol for the production of hydrogen. In the tests, at 250˚C and 1%v/v glycerol solution, all of the catalysts used showed high catalytic activity and good stability, and obtained the best conversion of glycerol in the reactions that used synthesized catalysts by the method of wet impregnation (over 50%) [10] .
In this paper, the financial viability of producing hydrogen using APR was evaluated. The study comprises the economic effect of the catalyst, and raw material under the reaction as well as the cost trends.
Methods

Technical Assumptions for Economical Assessment
The APR reactions were performed in batch reforming coupled to a gas chromatograph, at temperature of 250˚C, pressure of 38 atm and using heterogeneous catalyst. The supported metal catalysts used were: platinum on alumina (Pt/Al 2 O 3 ) nickel on alumina (Ni/Al 2 O 3 ), platinum on zirconia (Pt/ZrO) nickel on zirconia (Ni/ZrO). The product quality was defined as the pure hydrogen (H 2 ).
Fitting the quality of biomass used as feedstock and the quality the final product were evaluated four technological variants for study the economic feasibility of APR of glycerol to produce pure hydrogen using each catalyst defined previously. The characteristics of crude glycerin used as raw material are shown in Table 1 .
The sequence of economic analysis is detailed below: 
Results and Discussion
The Total Project Investment
The total project investment includes purchased-equipment costs, the total installed cost and indirect costs. Table 2 shows technical characteristics required for the reformer and the total project investment of the process.
Operation Costs
There are two kinds of operating costs: fixed and variable costs. The variable operating cost used in this analysis include raw materials (crude glycerin and catalyst), utilities (electricity and gas drag). The fixed operating costs include maintenance, labor cost, depreciation and insurance & taxes.
• Raw materials cost (crude glycerin) Theoretically, the APR of glycerol provides a link between the consumption of raw materials and the production of hydrogen. Considering the use of 90% of the capacity of the reformer in each batch of reform were used 9 liters of aqueous solution containing 10% glycerol. The operation time of the system was average 12 hours per day, totalized 3960 hours per year. On these conditions, the consumption rate of crude glycerin is given by Equation (1) rin 0.5 U.S. $/kg, raw material cost is U.S. $ 170.1/y.
• Raw materials cost (catalyst) The reactions were performed using 0.8 grams catalyst per liter of solution. In the calculus that follows, was assumed that the replacement time of the catalyst is 6 days (reaction time = 72 h).
where: IC cat : Consumption rate of catalyst (g/6 d) C cat : Catalyst concentration = 0.8 g/l This represents an annual consumption of 360 g of catalyst. Table 3 shows the unit prices and costs corresponding annual purchasing each catalyst [10] .
• Utilities (electricity and gas drag)
The electric consumption was determined by Equation (3 . Considering the helium price of 60 R$/m 3 the total cost of Gas drag is of 427.7 R$/y.
• Labor and maintenance cost
The annual Labor and maintenance cost of the system was considered to be 40% of the annual cost of raw materials and inputs (glycerol and catalyst). This is considered a default value according to DOE [11] . Figure 1 shows the comparison between the percentage values of costs raised by the analysis of cash flow for the implementation of technology, considering a reformer useful life of 10 years.
• Depreciation expense
In the paper were used the straight-line depreciation method. This method calculates depreciation by spreading the cost evenly over the life of the fixed asset. The depreciation rate was: -For equipment, facilities, materials, furniture and other fixtures-10% of the asset's cost; -For construction and another services-4% of the amount spent.
Operational Revenue
The operational revenue is according of sales hydrogen in cylinders and trailers with deposits with standard pressures of the order of 150 to 400 bar.
The price of hydrogen cylinder with capacity of 10m 3 , at 200 bar with quality Tech, is R$ 1200, then the price of hydrogen is R$ 120/m 3 or R$ 0.12/l. With this information was estimated the price of purified hydrogen.
The amount of produced hydrogen depends of the type of raw material, of the catalyst used and of the level of product purity. For the calculations were used theoretical yields, defined by the stoichiometry of the reforming reaction. Considering that are processed per day 1.134 kg of Glycerol in Table 4 are shown the theoretical stoichiometric yield, production per day and revenues for each variant reaction.
It can be observed in the previous table that the highest revenue is obtained with the variant that uses a catalyst Ni/Al 2 O 3 , followed by Ni/ZrO. This result is expected because are the catalysts of lower price and higher theoretical yield.
Economic Analyses
A comparative analysis between the production cost and the price of hydrogen produced in each variants technology shows a significant difference that can be considered as an apparent gain (Figure 2) . This difference is largest in the variants using the supported nickel catalyst. Logical result considers the difference in price between the nickel and platinum catalysts.
This apparent benefit is corroborated by positive values of EBITDA and Net Profits of each variant. However, in assessing the financial indicators NPV, IRR and Payback possible identify the influence of the investment on the economic viability of the technology. Conceptually, the breakeven point is the point at which sales revenues and production costs are equal, in other words, is the point of zero profit from the venture. Analyzing the results of NPV (Figure 3) is possible observe that only the technological variants with nickel catalysts supported reach positive values of NPV before of the 10-year.
In Table 5 is added the concept of perpetuity to calculate the NPV and is identified the value of the enterprise. The results show that the reaction using catalysts Pt/ Al 2 O 3 reaches equilibrium after 12 years of operation (Figure 4) .
The perpetuity is the present value of future cash flows (stable period)-where the periodic of payments begin on a fixed date and continue indefinitely-that is, the method includes the expectation of business continuity. The PV of perpetuity is calculated from the Equation (4).
where, PV perpetuity: Present Value of the Perpetuity A: fixed periodic payment r: interest rate or discount rate per compounding period. The calculation of financial indicators, shown briefly in Table 6 , confirms the results already mentioned.
Based on the assumptions made for the research, it can be seen that the reactions catalyzed by platinum supported on alumina and oxide zirconium (marked in red) are not profitable. The negative NPV in these reactions means that the cash flow for the 10 projected years is negative, not possible to afford the investment in defined time. The Table 6 also shows that the IRRs are low compared with the discount rate (10%). The IRR determines the time the investment is paid, if this ratio is less than the discount rate (10%), means that has not been paid the amount invested. The indication of the economic viability of a project is demonstrated when the IRR of the project is shown above the appropriate discount rate to the enterprise
Sensitivity Analysis
Economic decisions are rarely taken in conditions of absolute certainty. The uncertainties in decision-making can lead to risks, which can affect the viability of the project.
According KAPLAN [12] , the sensitivity analysis is one of the possible approaches for assessing the uncertainties of an enterprise. Sensitivity analysis is a technique for simulating simple but very useful. The analysis is done using as variables the most uncertain parameters, such as projected revenues, costs of major inputs and the discount rate. The traditional technique is to vary the value of a given parameter at 10% or 20% around the arbitrated value to the flow box of reference. The effect of each parameter must be analyzed separately. Calculate the result of the decision parameter (NPV and IRR) and compared the results.
The parameters whose variations are more significant should be analyzed more carefully. In this study, the sensitivity analysis was used to determine the variations of greater influence and determine how to improve the outcome of variants less profitable.
Sensitivity analyzes of the production cost of hydrogen generated by APR of glycerol were performed from:
-Variation of the cost of the catalyst -Cost of raw material -Sales price of hydrogen Were determined three financial indicators that allowed to define which parameter significantly influences on the economic viability of the reactions studied, these were: NPV, IRR and EBITDA. The main results are shown in Figures 5-7 . Note that the reaction using catalyst Pt/ZrO was not plotted due to low values of IRR, NPV and EBITDA observed during the sensitivity analysis.
Sensitivity analysis can to determine which factors in a risk model contribute most to the variance in the risk estimate. The Variable Price of Hydrogen contributes significantly on viability of the reaction. The variations of the cost of catalyst and raw material have no significant influence on the TIR effect. The first result is due to the small amount of catalyst that is used in the reaction and the second result is due to the low price of glycerol for being a co-product reusable.
The sensitivity analysis showed that the variation of the parameters evaluated did not have significant influ- ence on the feasibility of reaction. It is assumed that this effect is due to the low theoretical yield of the reaction (0.05 gH 2 /g raw material).
Conclusions
In this paper, we obtained the results of the economic analysis of the technology of Aqueous Phase Reforming for hydrogen production, using as a biomass feedstock residual glycerol. The information used for financial evaluations was obtained from a market survey and theoretical and experimental test, showing that the project is technically and economically feasible, depending on the type of catalyst used. The reactions with nickel catalysts supported on alumina and zirconium showed the highest viability (IRR > 10% and high NPV). It is noteworthy that this viability doesn't embed any tax incentives or price protected.
The sensitivity analysis method showed that the most significant operational parameter on the viability of the process is the final product price. However, the variation of this parameter did not improve the viability of APR of glycerol using platinum catalyst supported on zirconium.
The proposal to use glycerol, as raw material for the production of hydrogen, and attractive results for the industry and the market, were evaluated in this study. However, the proposed technology can be applied to other biomass-derived polyols (Ex mannitol and erythritol). 
